Controlled differentiation of multi-potent mesenchymal stem cells (MSCs) into vocal fold-specific, fibroblast-like cells in vitro is an attractive strategy for vocal fold repair and regeneration. The goal of the current study was to define experimental parameters that can be used to control the initial fibroblastic differentiation of MSCs in vitro. To this end, connective tissue growth factor (CTGF) and micro-structured, fibrous scaffolds based on poly(glycerol sebacate) (PGS) and poly(e-caprolactone) (PCL) were used to create a three-dimensional, connective tissue-like microenvironment. MSCs readily attached to and elongated along the microfibers, adopting a spindleshaped morphology during the initial 3 days of preculture in an MSC maintenance medium. The cell-laden scaffolds were subsequently cultivated in a conditioned medium containing CTGF and ascorbic acids for up to 21 days. Cell morphology, proliferation, and differentiation were analyzed collectively by quantitative PCR analyses, and biochemical and immunocytochemical assays. F-actin staining showed that MSCs maintained their fibroblastic morphology during the 3 weeks of culture. The addition of CTGF to the constructs resulted in an enhanced cell proliferation, elevated expression of fibroblast-specific protein-1, and decreased expression of mesenchymal surface epitopes without markedly triggering chondrogenesis, osteogenesis, adipogenesis, or apoptosis. At the mRNA level, CTGF supplement resulted in a decreased expression of collagen I and tissue inhibitor of metalloproteinase 1, but an increased expression of decorin and hyaluronic acid synthesase 3. At the protein level, collagen I, collagen III, sulfated glycosaminoglycan, and elastin productivity was higher in the conditioned PGS-PCL culture than in the normal culture. These findings collectively demonstrate that the fibrous mesh, when combined with defined biochemical cues, is capable of fostering MSC fibroblastic differentiation in vitro.
Introduction
T he human vocal folds, composed of a pliable lamina propria sandwiched between a stratified squamous epithelial layer and the vocalis muscle, are particularly adapted to sound production. 1 Under normal circumstances, vocal folds can sustain up to 30% strain at frequencies of 100 to 1000 Hz. 2 Numerous deleterious factors can lead to vocal fold damage and dysfunction, 3 for which long-term, satisfactory treatments do not exist. The inability to articulate sounds renders vocal fold patients socially isolated. The development of tissue engineering strategies for the reconstruction of vocal folds will not only offer alternative treatment for vocal fold disorders but also provide an in vitro platform for the investigation of vocal fold diseases. Suc-marrow-derived, mesenchymal stem cells (MSCs) can be readily aspirated as a clinically accepted procedure; they are capable of self-renewal, and have been widely explored as a therapeutic cell source for a variety of regenerative medicine applications. 5, 6 MSCs have been successfully differentiated into osteoblasts, chondrocytes, adipocytes, and nerve cells under defined culture conditions. 6 The fibroblastic differentiation of MSCs, however, has been relatively unexplored due to the remarkable diversity of tissue origins, phenotypes, and lack of unique markers for fibroblast. [7] [8] [9] It is well known that stem cell fate can be specified by the physical and chemical characteristics of their surrounding matrices, as well as various regulatory factors. [10] [11] [12] [13] Synthetic scaffolds that resemble the native extracellular matrix (ECM) morphologically and functionally are highly desirable for programmed MSC differentiation and vocal fold tissue engineering. 14 Over the past decade, electrospinning 15 has emerged as a highly promising process for producing tissue engineering constructs since the resulting scaffolds possess many of the desired properties, such as a high surface-tovolume ratio, high porosity, and an interconnected threedimensional (3D) porous network. 16, 17 Various natural or synthetic materials have been electrospun into fibrous scaffolds with desirable morphology and tissue-like mechanical properties. 18 A new type of biocompatible and biodegradable polyester elastomer based on poly(glycerol sebacate) (PGS) has garnered considerable attention recently. [19] [20] [21] [22] [23] PGS prepolymer can be easily processed into porous scaffolds via electrospinning, photo-crosslinking, or simply blending with other carrier material, such as poly(e-caprolactone) (PCL). These scaffolds have been shown to regulate cell attachment, proliferation, and orientation. 19, 20, 24, 25 Compared to the PCL counterpart, fibrous scaffolds fabricated from a physical blend of PGS and PCL are softer and more pliable, having an ultimate elongation of 400%-500%. 19 Such elastomeric scaffolds may provide the necessary mechanical environment for highly dynamic tissues such as vocal folds.
Soluble biological factors are potent regulators of cell fate. Connective tissue growth factor (CTGF) is a 36-38 kDa heparin-binding multi-domain protein. 26 It is involved in a wide spectrum of physiological and pathological events, such as embryo development, angiogenesis, and wound healing. 27, 28 With respect to connective tissue function, CTGF has been shown to affect fibroblast proliferation, motility, adhesion, and ECM synthesis. 27 The biological activities of CTGF suggest its utility in controlled differentiation of MSCs into vocal fold fibroblasts. Mao and co-workers 29 recently reported that CTGF alone is sufficient to induce fibrogenesis in vitro. Particularly, CTGF-treated MSCs lost their surface mesenchymal epitopes and tri-lineage potential after fibroblastic commitment, expressed broad fibroblastic markers at gene and protein level, and maintained their potential to differentiate into myofibroblasts upon TGF-b1 treatment.
The ultimate goal of our investigation is to promote the assembly of vocal fold-like ECM by MSC-derived fibroblast cells. In the current proof-of-concept investigation, we assess the ability of electrospun PGS-PCL scaffolds to support the attachment, proliferation, and fibroblastic differentiation of MSCs cultured in a CTGF-conditioned medium. We hypothesize that the PGS-PCL scaffold combined with exogenous biochemical cues can synergistically stimulate the fibroblastic differentiation of MSCs. Fibrous scaffolds with a PGS:PCL weight ratio of 2:1 was chosen due to their consistent fiber morphology, elastomeric properties, and cell adhesive characteristics. 19 MSCs were seeded on the scaffolds and were cultivated in the maintenance media with or without CTGF and ascorbic acid supplement. The advantages of the 3D fibrous scaffold were verified by a parallel comparison with cells cultured on tissue culture polystyrene (TCPS). Cell morphology, proliferation, gene expression, and ECM synthesis were evaluated systematically after 21 days of cultivation. The fibroblastic differentiation was verified by the upregulation of fibroblast-specific protein-1 (FSP-1), a fibroblast-specific protein, 30 and the diminished ability of MSCs to undergo chondrogenesis, adipogenesis, osteogeneis, and myogenesis. 6 Modulated production of essential ECM proteins has also been observed.
Materials and Methods

Scaffold fabrication
PGS was synthesized by condensation polymerization of glycerol and sebacic acid, following a previously reported procedure. 24 PCL with a molecular weight of 70-90 kDa was purchased from Sigma Aldrich. PGS and PCL were dissolved in chloroform/ethanol (9:1, v/v) at a total polymer concentration of 33 wt% with a PGS: PCL weight ratio of 2:1. The polymer solution was spun at a flow rate of 2 mL/h for *30 min with an applied voltage of 15 kV. Fibers were collected on the nonadhesive side of a tape attached to a copper wire frame that was wrapped about a glass slide, as described previously. 19 The collected fibers were dried overnight under vacuum. The morphology of the PGS-PCL scaffold was characterized using a Field Emission Scanning Electron Microscope (Ultra 55; Carl Zeiss). Scaffolds (8.5 · 5 mm) were tightly secured on the bottom of a cell culture insert (Millipore), soaked in 70% ethanol overnight with gentle shaking, rinsed with Dulbecco's phosphate-buffered saline (DPBS; Invitrogen), and UV-sterilized for 15 min. Finally, scaffolds were equilibrated in the normal MSC maintenance medium containing 10% fetal bovine serum (Lonza) in a humidified incubator at 37°C for 2-3 h before cell seeding. Our sterilization protocol was developed to maximize the germicidal effects without compromising the scaffold integrity.
Cell culture
Human bone marrow-derived MSCs were purchased from Lonza. Cells were sub-cultured at a seeding density of 5000-6000 cells/cm 2 on T-150 flasks (Corning) at 37°C with 5% CO 2 in the normal media. Medium was refreshed every 3 days. Upon reaching *80% confluence, cells were trypsinized, resuspended in the same medium, and subsequently added to the PGS-PCL scaffold at a density of 0.2 million cells per mesh. Cells were allowed to attach for 1.5-2 h before additional medium was introduced. The constructs were precultured in the normal media in a humidified incubator (37°C, 5% CO 2 ) without any disturbance for 3 days. The normal medium was subsequently replaced with the conditioned medium supplemented with 100 ng/mL CTGF (Biovendor) and 50 mg/mL L-ascorbic acids (Sigma Aldrich). To simplify our discussion, the end of 3-day preculture is designated as day 0 of the subsequent conditioned culture. Medium was changed every day to ensure the biological activities of CTGF, and constructs
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were collected at day 0, 7, 14, and 21 for the respective biochemical and immunocytochemical analyses. Control experiments were carried out in the absence of CTGF under the same conditions. Parallel experiments with MSCs cultured on TCPS (Nunc) were also performed.
Cell viability and morphology
At a predetermined time, the constructs were rinsed with DPBS, stained with propidium iodide (1:2000 in DPBS; Invitrogen) and Syto-13 (1:1000 in DPBS; Invitrogen) for 5 min, and imaged with a Zeiss LSM 510 Axiovert Confocal Microscope. Separately, a commercially available actin cytoskeleton and focal adhesion staining kit (Millipore) was utilized to assess cell morphology and attachment. Briefly, constructs were rinsed in DPBS, fixed in 4% paraformaldehyde (Electron Microscope Science) for 15 min, and permeabilized in 0.1% Triton X-100 (Fisher) on ice for 5 min. Constructs were subsequently blocked with 3% heatinactivated bovine serum albumin (BSA; Jackson Immunoresearch) in DPBS for 30 min, followed by a 1-h incubation in vinculin primary antibody (1:100 in 1% BSA; Millipore). Samples were subsequently costained with Alexa Fluor Ò 488 goat anti-mouse IgG (Invitrogen; 1:100 in 1% BSA) and TRITC-conjugated Phalloidin (Millipore; 1:200 in 1% BSA) for another hour. Finally, constructs were counterstained with draq-5 (1:1000 in DPBS; Axxora LLC) or DAPI (1:1000 in DPBS; Millipore) for 5 min before being imaged by Zeiss LSM 510 confocal microscope.
Cell proliferation
Constructs were collected at predetermined times, rinsed in a cold DPBS, snap-frozen in liquid nitrogen, lyophilized, and accurately weighed. Samples were subsequently digested in a 20 mM Na 2 HPO 4 solution containing 300 mg/mL papain, 5 mM EDTA, and 2 mM dithiothreitol at a pH of *6.5 and temperature of 65°C for 18 h (all digestion reagents were purchased from Sigma). 31 The digestion mixtures were centrifuged at 13,000 rpm to remove the insoluble scaffold debris. The total dsDNA was quantified by picogreen DNA assay (Invitrogen) following an established protocol. 32 Briefly, 10 mL of the digested samples was diluted in a TrisHCl/EDTA buffer to a final volume of 1.0 mL. One milliliter picogreen working solution was added to each sample and incubated for 2-5 min at room temperature in the dark. Using a PerkinElmer microplate reader, the solutions were excited at 485 nm and the intensity of the fluorescence emission was measured at 530 nm. The standard curve was prepared using dsDNA provided in the assay.
Gene expression
The snap-frozen constructs were crushed with a pestle and digested in a Trizol (Invitrogen)/chloroform (5/1 v/v) mixture. The digestion mixture phase separated into three layers: an aqueous RNA layer (top), a middle DNA layer, and a bottom organic layer containing total proteins. 33, 34 The RNA layer was carefully aspirated and stored at -80°C. RNA was retrieved from the aqueous phase by precipitation in isopropanol, followed by centrifugation (13,000 rpm, 10 min) and thorough washing (twice with 75% ethanol) before being reconstituted in RNase-free H 2 O (Invitrogen). The RNA concentration was determined using a Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies). Each RNA sample (0.5 mg) was reverse transcribed into cDNA using a QuantiTect Reverse Transcription kit (Qiagen) following the manufacturer's procedure. Sequence-specific amplification from cDNA was performed and quantitatively detected by an ABI 7300 real-time PCR system using SYBR green PCR master mix (Applied Biosystems). PCR thermal cycle was programmed into three stages: initialization at 95°C for 10 min, denaturation at 95°C for 15 s, and annealing at 60°C for 1 min (total 45 cycles). The purity of the PCR product was confirmed by the dissociation curve, constructed by sequential heating of the product (95°C for 15 s, 60°C for 60 s, and 95°C for 15 s). Primer sequences for collagen type I (COL I), elastin (ELA), decorin (DEC), tissue inhibitor of metalloproteinases 1 (TIMP1), HA synthase 3 (HAS3), CD44, FSP-1, adipocyte fatty acid binding protein (aP2), alkaline phosphatase (ALP), aggrecan (AGG), and apoptosis indicator p53 are listed in Table 1 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the house keeping gene. All primers were synthesized by Integrated DNA technologies. The relative gene expression (fold change) was calculated with respect to GAPDH and was normalized against day 0 or the respective normal culture using 2 DDCt method.
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Immunocytochemical analysis
Constructs were fixed, permeabilized, and blocked following same procedure described above for actin/viculin staining. After blocking, samples were incubated overnight at 4°C with primary antibodies for collagen I and III (mouse-derived monoclonal antibodies from Abcam) at a dilution factor of 1:200 (in 1% BSA). Additionally, muscle-specific actin (MSA) and STRO-1 were stained by MSA Ab-4 and mouse anti-human STRO-1 antibody (1:50 dilution in 1% BSA; Invitrogen), respectively. Constructs stained for STRO-1 were fixed in a cold methanol for 20 min before blocking. Samples were subsequently counterstained with Alexa-488 goat anti-mouse IgG (1:200 dilution with 1% BSA) for 1 h in the dark and DAPI (1:1000 in DPBS) for 5 min before being imaged with an LSM 5 Live high-speed confocal microscope (Zeiss). Z-stacked Images were analyzed by Volocity 3D-4D imaging software (PerkinElmer) for semi-quantitative analysis of the protein expression. The fluorescence intensities for the protein and the cell nuclei were acquired by summarizing the total green and blue pixels through the total thickness of the membrane. Protein production was expressed either as the fluorescence intensity of the protein or divided by the number of the nuclei, both of which were normalized to the respective baseline levels at day 0.
Biochemical analysis
The production of sulfated glycosaminoglycan (sGAG) and insoluble elastin was quantified biochemically. For sGAG quantification, constructs were digested following the procedure described above for DNA quantification. The digestion aliquots (60 mL) were mixed with the papain digestion buffer (40 mL) and sGAG content was analyzed using a Blyscan sGAG Assay (Biocolor). The diluted samples, the standards, and the blank digestion buffer (100 mL) were mixed with 1,9-dimethyl-methylene blue solution (1 mL) and were incubated at room temperature for 45 min. The resulting dye-sGAG complex was precipitated by centrifugation (14,000 rpm for 10 min), and the soluble unbound dye was aspirated. The dissociation reagent (700 mL) was subsequently added to the complex to release the bound dye. The sample absorbance was recorded using a Beckman Coulter microplate reader at 620 nm. Fastin elastin assay kit (Biocolor) was employed for elastin analysis. Constructs were digested in Trizol/chloroform, as described above for gene analysis. After the RNA and the DNA layers were removed, cold acetone (Sigma) was added to precipitate proteins from the organic phase. The protein pellets collected were thoroughly washed with guanidine hydrochloride (0.3 M in ethanol; Sigma), followed by ethanol (with 2.5% glycerol) and vacuum dried for 5-10 min. Oxalic acid (0.2 mL 0.25 M in H 2 O; Sigma) was added to each protein pellet and the mixture was boiled at 99°C for 1-2 h to completely solubilize the protein. The solubilized protein containing the elastin extract was precipitated overnight at 4°C by adding 1 mL Fastin precipitating reagent. The collected pellet (14,000 rpm for 10 min) was mixed with Fastin dye reagent for 90 min. The elastin dye was mixed with 200 mL dissociation reagent (200 mL) for 45 min under gentle agitation (1000 rpm) in the dark. Finally, the absorbance of recovered dye, a-elastin standards, and blanks was recorded at 590 nm using a Beckman Coulter microplate reader.
Statistical analysis
All data were reported as the mean value -standard error of 3-7 repeats. Student's two-tailed t-test was employed to determine the significant differences between groups, with p < 0.05 being considered as statistically different.
Results
In this study, we assessed the ability of fibrous scaffolds derived from PGS and PCL to support the growth, attachment, and proliferation of MSCs. We further investigated whether the addition of CTGF in the culture media could foster the fibroblastic differentiation of MSCs. First, a shortterm comparative experiment was conducted to understand the substrate-induced, differential responses of MSCs to CTGF treatment. Subsequently, MSCs were loaded in the fibrous scaffolds and cultured with or without CTGF for various times. Cellular behaviors were assessed using qPCR and standard immunocytochemical/biochemical analyses.
Effects of substrate on MSC response to CTGF
Using qPCR, we quantified the effects of CTGF supplement on MSC gene expression after 7 days of culture on two different substrates: traditional TCPS plates and fibrous PGS-PCL scaffolds. The relative expression of important ECM proteins (COL I, ELA, DEC, HAS3, and TIMP1), stem cell differentiation (CD44, FSP-1, aP2, ALP, and AGG), and apoptosis (p53) markers was analyzed. The specificity of the PCR primers (Table 1 ) was confirmed by melting curves (data not shown) and the gene expression was normalized to the respective normal cultures. In the case of TCPS culture, CTGF supplement significantly ( p < 0.05) increased the expression FIG. 1. Differential effects of CTGF on gene expression of MSCs cultured on TCPS plates or in PGS-PCL scaffolds. qPCR analysis was conducted after 7 days of culture. GAPDH was used as an internal control, and the gene expression was normalized to the respective CTGF-free culture. # Significant difference ( p < 0.05) between the normal and the conditioned cultures; **significant difference ( p < 0.05) between TCPS and PGS-PCL cultures. MSC, mesenchymal stem cell; CTGF, connective tissue growth factor; PGS, poly(glycerol sebacate); PCL, poly(e-caprolactone); TCPS, tissue culture polystyrene; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
of COL I, HAS3, FSP-1, ALP, and AGG (Fig. 1) . When cells were cultured on the PGS-PCL scaffolds, the addition of CTGF significantly ( p < 0.05) increased the mRNA levels of HAS3 and FSP-1, while significantly ( p < 0.05) suppressing the expression of aP2 and p53. Compared to the conditioned TCPS culture, the introduction of CTGF to the PGS-PCL culture significantly ( p < 0.05) attenuated the mRNA levels of CD44, aP2, and ALP, at the same time, dramatically elevated ( p < 0.01) the expression of FSP-1. While CTGF led to 1.9 -0.3-fold increase in the expression of ALP in the TCPS culture, it gave rise to a 0.9 -0.1-fold decrease in the ALP expression in the PGS-PCL culture.
MSC preculture using PGS-PCL scaffolds without CTGF Electrospun PGS-PCL scaffolds were highly porous and exhibited consistent fiber morphology (Fig. 2A) . The average fiber diameter was estimated to be *4 mm and the average mesh thickness was 100-150 mm. Fibers were randomly oriented and highly entangled. The PGS-PCL scaffolds were sparsely populated by the cells at the end of 3-day preculture. The majority of the cells retained by the scaffold were stained green by the live/dead staining (Fig. 2B) . Depth profiling of the confocal images revealed a homogeneous cell distribution 50 mm into the scaffold. Information regarding cell morphology and the degree of cell spreading was gleaned from the F-actin/vinculin costaining (Fig. 2C) . The ability of the polymer fibers to absorb the nuclear dye (Draq 5) makes it possible to determine the relative location of the cells with respect to the individual fibers. MSCs readily attached to and elongated along the individual fibers, adopting a spread, spindle-shaped morphology. Early stress fibers (red stain, solid arrow) were visible along the edges of the cell body. Isolated, intense green spots, representative of focal adhesion complexes, could be detected at the cell termini along the long axis of the cell body (green stain, dotted arrow). Upon completion of the 3-day preculture, cells were incubated with or without CTGF for an additional 21 days.
Effects of CTGF on cell morphology and proliferation in PGS-PCL culture
The scaffold cellularity increased significantly during the first week of cultivation, in both normal (Fig. 3A) and conditioned culture (Fig. 3B) . Cells adopted a spread-out F-actin filaments were stained red by TRITC-phalloidin (indicated by the solid arrow), focal adhesion sites were stained green by anti-vinculin and FITC-labeled secondary antibody (indicated by the dotted arrow), and cell nuclei were counterstained blue by Draq 5. Color images available online at www .liebertonline.com/tea morphology with well-developed stress fibers transversing the entire cell body. Picogreen DNA assay was employed to obtain quantitative information on cell proliferation. Although the same number of cells was initially seeded, CTGFconditioned scaffolds harbored more than twice as many cells as the control samples without CTGF on day 7 ( p < 0.05, Fig. 3C ). Prolonged culture in CTGF-containing media beyond day 7 did not lead to a significant change in DNA content per mg of dry constructs. Only a moderate increase in DNA content was observed in the control groups from day 0 to 7. The normalized DNA content in the CTGF-free control group was significantly ( p < 0.05) lower than in the CTGF-treated samples at the respective time points.
Effects of CTGF on MSC differentiation in PGS-PCL culture
MSC differentiation was analyzed collectively by qPCR analyses and immunocytochemical and biochemical assays.
Quantitative PCR analysis. To gain fundamental understanding of the temporal effects of CTGF on MSCs cultivated on/in PGS-PCL scaffolds, the gene expression was normalized to the levels at day 0 (the end of day 3 preculture). COL I gene expression (Fig. 4A) was significantly upregulated over the initial day 0 baseline level with or without CTGF, reaching a plateau at day 7. By day 21, cells expressed a significantly lower level of COL I in the conditioned media (1.6 -0.1-fold) than in the normal media (2.2 -0.1-fold). Prolonged culture led to a significant ( p < 0.05) upregulation of ELA gene expression relative to the day 0 level (Fig. 4B) under all experimental conditions. The conditioned culture expressed similar level of ELA as the normal culture at all time points inspected. Cells residing in the PGS-PCL scaffolds consistently expressed a higher level of DEC in the conditioned media than in the corresponding normal media at days 7, 14, and 21 (Fig. 4C) . Cells in the conditioned media expressed a significantly ( p < 0.05) higher level of DEC (2.7 -0.3-fold) than in the normal media (1.5 -0.2-fold) at day 14. Similarly, HAS3 (Fig. 4D ) gene expression was drastically ( p < 0.05) upregulated in the conditioned culture relative to the normal culture at day 7 and 14. The contribution of CTGF, however, was diminished at day 21. The TIMP1 gene expression in the normal culture was significantly higher at day 21 than at day 0, and the addition of CTGF downregulated its expression back to the baseline level at day 0 (Fig. 4E) . No statistically significant changes in MMP1 gene expression were detected at various culture time with or without CTGF (data not shown).
Next, we examined the expression of essential markers for stem cell differentiation. The overall mRNA level of CD44 (Fig. 5A ) declined consistently throughout the study, and the addition of CTGF reinforced the decline. By day 21, CD44 expression had decreased by *50% relative to the baseline level in the conditioned culture. On the other hand, the mRNA level of FSP-1 (Fig. 5B ) was steadily and significantly upregulated in the presence of CTGF over the entire course of culture. In the absence of CTGF, only 2.3 -0.3-fold increase relative to day 0 was observed in FSP-1 expression, whereas over 40 -13-fold increase in FSP-1 expression was detected at day 21 in the conditioned culture. The potential of MSCs to undergo classical tri-lineage differentiation was also analyzed.
FIG. 3. Effects of CTGF on cell morphology (A, B) and scaffold cellularity (C). (A, B)
MSCs were cultured in PGS-PCL scaffolds for 21 days in the normal (A) and conditioned (B) media and F-actin (red) and nuclei (blue) were stained by Alexa-568 phalloidin and DAPI, respectively. Images were obtained by merging confocal z-stack slices over 0-30 mm sample depth. (C) Cell proliferation as assessed by picogreen DNA quantification. DNA content was normalized to the dry mesh weight. # Significant difference ( p < 0.05) relative to the baseline level on day 0; **significant difference ( p < 0.05) between normal and conditioned culture. Color images available online at www.liebertonline.com/tea 2778 TONG ET AL.
The mRNA levels of AGG (Fig. 5C ), ALP (Fig. 5D ) and aP2 (Fig. 5E) were used as the indicator of chondrogenesis, osteogenesis, and adipogenesis, respectively. The mRNA level of AGG was significantly upregulated relative to day 0 in the conditioned culture at day 7 and 21 ( p < 0.05). Cells expressed higher level of ALP at day 7 and 21, relative to day 0 in the normal media. The addition of CTGF attenuated this trend, most significantly ( p < 0.05) at day 21 when the ALP expression dropped below the baseline level for the conditioned culture. With the exception of day 21 for the normal culture, a significant decrease in aP2 expression relative to day 0 was observed at day 7 and 14, in both normal and conditioned cultures. By day 21, the PGS-PCL/CTGF culture exhibited a 95% decrease in aP2 expression, in sharp contrast to the elevated level (1.4 -0.4-fold) detected from PGS-PCL culture in normal medium. Finally, the pro-apoptotic factor p53 mRNA Significant difference ( p < 0.05) relative to the baseline level at day 0; **significant difference ( p < 0.05) between the normal and the conditioned culture (A, C, E) or between day 7 and 21 normal culture (B). COL I, collagen type I; ELA, elastin; DEC, decorin; TIMP1, tissue inhibitor of metalloproteinases 1; HAS3, HA synthase 3. level was examined (Fig. 5F ). The normal media consistently induced a higher p53 expression than the conditioned media at day 7. While cells expressed a higher level of p53 when cultured in the normal media at day 21, their expression was close to the baseline level if CTGF was introduced.
Immunocytochemical and biochemical analysis. MSC differentiation was analyzed semi-quantitatively at the protein level using standard immunocytochemical assays.
Stronger STRO-1 staining was detected from PGS-PCL cultures than from PGS-PCL/CTGF cultures (Fig. 6A, B) . Cells residing in PGS-PCL scaffolds were stained negative for MSA (Fig. 6C, D) , irrespective of the medium composition. Immunocytochemical analyses for COL I and III were performed at various times, and representative confocal images were shown in Supplementary Figures S1 and S2 # Significant difference ( p < 0.05) relative to the baseline level at day 0; **significant difference ( p < 0.05) between the normal and the conditioned culture. FSP-1, fibroblast-specific protein-1; ALP, alkaline phosphatase; AGG, aggrecan.
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intensity for COL I and III was low. Interestingly, while COL I clustered around the cells in the normal culture at day 14 and 21, it was abundantly distributed in the extracellular space in the conditioned media. Total COL I production increased dramatically during the first week of conditioned culture (Fig. 7A) ; thereafter, the COL I content remained unchanged. Average COL I content in normal PGS-PCL culture increased moderately during the 3 weeks of culture.
The conditioned culture showed a significantly ( p < 0.05) higher amount of COL I than the normal medium at all times. A similar trend was observed for COL III (Fig. 7B) . Additional biochemical analyses were performed to quantify the ability of cells to synthesize sGAG and ELA under various conditions. Figure 8A reveals that the addition of CTGF in the culture media resulted in a steady increase in sGAG production over the entire course of culture. The sGAG production was significantly ( p < 0.05) higher in the conditioned culture than in the normal culture. By day 21, CTGF-treated constructs contained an average 4.9 -0.3 mg sGAG per mg dry constructs, whereas cells in the normal media only produced 0.9 -0.3 mg sGAG per mg dry constructs. Overall, the addition of CTGF led to over fivefold increase ( p < 0.05) in sGAG production. Similarly, the addition of CTGF gave rise to an increase in ELA production. Average ELA deposition (Fig. 8B ) in the conditioned groups was remarkably ( p < 0.001) elevated at day 7 and 14, relative to day 0. ELA content was significantly higher ( p < 0.05) in the conditioned groups than in the normal controls at day 7 and 14. An estimated 33.7 -2.5 and 16.3 -2.0 mg ELA was produced per mg construct at day 7 in the conditioned culture and normal culture, respectively.
Discussion
The multi-potent nature of bone marrow-derived MSCs 37 and the putative mesenchymal origin of fibroblasts 29, 38 motivated us to explore the fibroblastic differentiation potential of MSCs for vocal fold regeneration. In this study, polyesterbased PGS-PCL scaffolds were employed to provide a cellsupport stem cell niche. We showed that the fibroblastic differentiation of MSCs can be modulated by a synthetic, fibrous scaffold supplemented with CTGF. CTGF regulates cell adhesion, migration, proliferation, gene expression, differentiation, and survival primarily through direct binding to specific integrin receptors and heparan sulfate proteoglycans. 39 The ability of CTGF to significantly upregulate the Fig. 1 ) as compared to those plated on traditional TCPS substrates suggests that the fibrous scaffold is more conducive to the fibroblastic differentiation, and less supportive of the classical tri-lineage differentiation. The 3D fibrous scaffolds provide a more biomimetic microenvironment that may potentiate the effects of CTGF on the fibroblastic differentiation of MSCs. In theory, the differentiated cells can continue to produce tissue-specific ECM in situ under physiologically relevant conditions and the cellular constructs can be easily manipulated for implantation purposes. A 3-day preculture in MSC maintenance media was necessary for the establishment of cell-matrix connection and a baseline for the subsequent time-course studies. The PGS-PCL scaffolds supported the attachment of MSCs; cells spread along the microfibers through the focal adhesion complexes, and adopted a typical fibroblast-like morphology 3 days postseeding (Fig. 2C) . The inter-fiber space was suitable for cell migration and infiltration. The ability of MSCs to remodel the newly deposited matrix may further facilitate the cell infiltration into the bulk of the scaffolds. 40 The adherent MSCs continued to assume the same morphology during the subsequent conditioned culture (Fig. 3A, B) . MSCs can be readily expanded during the first week of culture in the conditioned media. The higher proliferation rate (Fig. 3C ) observed in the conditioned culture can be attributed to CTGF's role in promoting cell proliferation. 28 After reaching confluence at day 7, cell division was halted. The lack of cell proliferation after day 7 implies potential engagement in differentiation. 41 The commitment of MSCs to the fibroblast phenotype is evidenced collectively by the attenuation of multi-potent mesenchymal markers CD44 (Fig. 5A ) 42 and STRO-1 (Fig.  6A, B) , 43 and simultaneous enhancement in the expression of FSP-1, a fibroblast markers that was originally identified in epithelial-mesenchymal transition. 30 qPCR analyses of ALP and aP2 further confirmed that the osteogenesis and adipogenesis potentials of MSCs are significantly suppressed in our culture system in the presence of CTGF (Fig. 5D, E) . The inability of CTGF to suppress AGG expression (Fig. 5C ) can be attributed to CTGF's role in chondrogenesis 44 and high cell density in the PGS-PCL/CTGF constructs. The differentiation of MSCs to myofibroblasts is ruled out by the negative MSA staining (Fig. 6C, D) . 45 This finding demonstrates that CTGF-stimulated fibroblastic differentiation process is distinctly different from fibrosis, which is characterized by the major myofibroblastic commitment and MSA-positive cell population. 29 COL I and III are two major collagenous fibers contributing to the tensile strength of connective tissue ECM. 46 They have also been employed as broad molecular marker for fibroblastic differentiation. 29, 47 Another fibrous protein, ELA, is critical for maintaining tissue elasticity. 48 The mRNA level of COL I in the conditioned PGS-PCL culture was lower than that in the normal media at day 21 (Fig. 4A ). Contrarily, our protein level analysis also showed an elevated amount COL I and III accumulation upon addition of CTGF (Fig. 7) . The mRNA level of ELA was not significantly influenced by CTGF (Fig. 4B) . However, the addition of CTGF to PGS-PCL cultures led to an increase in ELA synthesis at day 7 and 14 ( Fig. 8B) . It should be emphasized that gene regulation and protein synthesis are two separate, time-dependent events. 46, 49 Previous studies have shown that CTGF can regulate the production of ECM proteins without affecting their mRNA levels, implying that the regulation may occur during post-translational events of protein biosynthesis. 50, 51 CTGF may have enhanced the production or activity of proteins or enzymes involved in protein modification or assembly rather than the peptide precursors themselves. 52 The significant and consistent enhancement of DEC gene expression by exogenous CTGF confirms our speculation because of DEC's role in assisting collagen fibril assembly. 53, 54 In the case of ELA, the activity of ELA post-translational enzymes (for example, lysal oxidase) may have been activated by CTGF in our particular culture system. 52 In addition to structural proteins, amorphous GAG molecules in connective tissues establish a highly hydrated network facilitating the rapid diffusion of nutrients, metabolites, and hormones. 46 Many GAG molecules also contribute to the maintenance of proper tissue viscoelasticity. 53, 55 The upregulation of HAS3 gene expression (Fig. 4D) by exogenous CTGF suggests the improved ability of cells to synthesize HA. The significant enhancement in cellular sGAG deposition upon CTGF addition may be attributed to the ability of the newly synthesized sGAG to sequester the exogenous CTGF, thereby potentiating its biological functions. 39, 56 The homeostasis of the connective tissue is maintained by the resident fibroblasts through the synthesis and degradation of ECM components. While MMP1 breaks down the interstitial collagens, TIMP1 generally inhibits against a wide range of MMPs, including MMP1. 57 Our results show that expression of both MMP1 and TIMP1 is insensitive to CTGF supplement. Therefore, MSCs cultivated on/in the fibrous scaffolds may not be actively involved in ECM remodeling.
This study represents our initial effort in assessing the applicability of fibrous PGS-PCL scaffolds, combined with an exogenous regulatory factor, to foster the adhesion, proliferation, and fibroblastic differentiation of MSCs. In our study, cells residing in the scaffolds were cultivated in CTGFsupplemented media under static conditions. For successful differentiation of MSCs to vocal fold-like fibroblasts, physiologically relevant vibration stimulations may need to be imposed on the cultured MSCs 58 because the dynamic motion of the vocal folds not only is indispensible for producing high quality sound but also contributes, at least in part, to the development and maturation of vocal folds. 59 For the successful assembly of functional tissues in vitro, the regulatory factor must be presented to the cells in a controlled manner with a desired spatio/temporal pattern. We are currently conducting systematic investigations assessing MSC differentiation and the matrix remodeling. Results obtained from these studies will be reported in due course.
Conclusion
Polyester-based fibrous scaffolds and soluble CTGF were employed to create a conducive microenvironment for the fibroblastic differentiation of MSCs. The PGS-PCL scaffolds supported the attachment and the proliferation of MSCs. Cells infiltrated readily into the bulk of the scaffolds, adopting a spindle-shaped morphology without undergoing myogenesis. The addition of CTGF significantly enhanced cell proliferation, decreased the expression of stem cell markers, and increased the expression of fibroblastic hallmarks. Cells residing in the fibrous scaffolds were more susceptible to CTGF-mediated fibroblast differentiation than those grown on traditional TCPS plates. The presence of CTGF contributed to the altered productivity of essential ECM proteins, including COL I/III, ELA, HAS3, DEC, and sGAG. The differentiated MSCs exhibited a diminished potential to become osteoblasts, chondrocytes, and adipocytes. Our future efforts are directed toward the creation of a vocal fold-like stem cell niche using fibrous scaffolds combined with spatio/temporal presentation of CTGF and dynamic mechanical environments similar to the vocal fold-like vibrations.
